Human papillomaviruses (HPVs) are prevalent pathogens of mucosal and cutaneous epithelia. Productive infections of squamous epithelia lead to benign hyperproliferative warts, condylomata, or papillomas. Persistent infections of the anogenital mucosa by high-risk HPV genotypes 16 and 18 and closely related types can infrequently progress to highgrade intraepithelial neoplasias, carcinomas-in-situ, and invasive cancers in women and men. HPV-16 is also associated with a fraction of head and neck cancers. We discuss the interactions of the mucosotropic HPVs with the host regulatory proteins and pathways that lead to benign coexistence and enable HPV DNA amplification or, alternatively, to cancers that no longer support viral production.
H uman papillomaviruses (HPVs) are ubiquitous small DNA viruses that comprise a family of more than 150 genotypes. Closely related types show a predilection for particular epithelial tissues and have similar pathogenic properties (de Villiers et al. 2004; Bravo et al. 2010) . The mucosotropic HPVs can be sexually transmitted. Infections are frequently asymptomatic and are cleared by the immune systems. Active cases are manifested as hyperproliferative lesions but often regress into subclinical persistency within a year. Latent infections can reactivate following immunosuppression or upon undergoing repeated cycles of wounding and healing ( Fig. 1) . A small fraction of persistent infections by the high-risk (HR) HPV genotypes leads to cancers (reviewed by zur Hausen 2009). Worldwide, each year there are about 500,000 new cases of cervical cancer and 275,000 deaths.
More than 99% of cervical cancers are caused by high-risk (HR) HPVs, and types 16 and 18 are responsible for about 70% of the cases (Walboomers et al. 1999) . The HR HPVs are also responsible for a high percentage of cancers of other anogenital sites in men and women. Moreover, HPV-16 is associated with a fraction of the head and neck neoplasias, in particular tonsillar and oro-pharyngeal cancers (reviewed by Syrjänen 2010) . In contrast, infections by the low-risk (LR) types 6 and 11 cause 90% of genital warts and essentially all laryngeal papillomas (recurrent respiratory papillomatosis or RRP) (reviewed by Derkay and Wiatrak 2008) but they rarely result in carcinomas. Juvenile-onset RRP results from transmission in utero or during passage through the birth canal of mothers with active condylomata, yet infections may become symptomatic years later. Recent studies indicate that HPVs can also replicate in trophoblasts and produce infectious particles and that HPVs can be detected in spontaneous aborted tissues (Gomez et al. 2008; You et al. 2008) . Together, these observations add considerable medical significance to HPV infections during pregnancy.
There are no consistently effective drugs for treating HPV infections. Surgical removal or local ablation of lesions are the standards of care. The implementation of Pap smear screening in the developed countries over the past 60 years has enabled early detection of cytological changes caused by HPV infections of the cervix and has dramatically reduced morbidity and mortality. Nucleic acids-based HPV detection and genotyping have greatly improved screening sensitivity and specificity. However, in resourcepoor countries where early detection and intervention are not generally available, cervical cancers remain a major malignancy among women.
How would a normally benign papillomavirus infection become cancerous? The answer resides in the virus -host interactions necessary to support the viral replicative cycle. Regardless of their oncogenic potential, the production of progeny virions occurs only in postmitotic, differentiated cells of squamous epithelia (reviewed by Chow et al. 2010) . Thus, the viruses encode E7 and E6 proteins to reestablish a milieu conducive for viral DNA amplification. E7 does so by destabilizing p130, a member of the retinoblastoma ( pRB) tumor suppressor protein family that controls cell cycle entry and progression (Litovchick et al. 2011 , and references therein), whereas E6 inactivates the transcription-transactivation function of the tumor suppressor TP53 (Thomas and Chiang 2005) , which functions to maintain genome stability by controlling critical cellular processes such as proliferation, DNA repair, senescence, and apoptosis. Unique to the HR HPVs, their E7 Figure 1 . Natural history of HPV infections. Most infections are subclinical and are quickly cleared by host immune surveillance. Some infections become active but regress to a latent state or are cleared within a year. Immune suppression or cycles of wounding and healing, conditions that induce viral early gene expression in proliferating undifferentiated cells, may reactivate the infections. In tissues persistently infected by high-risk HPVs, repeated wounding and healing lead to recurring and extended inactivation of tumor suppressor proteins by the viral oncoproteins and hence excessive basal cell proliferation and progression to high-grade lesions. These cells may accumulate mutations and epigenetic changes, resulting over time in cell immortalization and transformation, integration of the viral DNA into host chromosomes (in most cases), and carcinomas. and E6 proteins also destabilize pRB and TP53, respectively (for reviews, see McLaughlin-Drubin and Münger 2009; Moody and Laimins 2010; Korzeniewski et al. 2011) . This ability of the HR HPV oncoproteins to override the tumor suppressors then becomes a double-edged sword should they become up-regulated in undifferentiated cells as a result of multiple episodes of wounding and healing. Over time, critical host regulatory genes can incur mutations or become dysregulated because of epigenetic changes, resulting eventually in progression to oncogenic transformation. It is not understood why the HR HPVs acquired these unique properties, in view of the fact that progeny virions are no longer produced in cancers. In this chapter, we will discuss virus -host interactions, leading to divergent outcomes.
THE PERMISSIVE HOST TISSUES
Squamous epithelia turn over and are renewed every few weeks (for a review, Fuchs 1990 ). The basal reserve cells rarely divide except when replacing the cells immediately above, called parabasal transit amplifying (TA) cells. The TA cells have committed to differentiation but divide daily for up to 80 cell divisions whereupon they undergo terminal differentiation. With each asymmetrical cell division, one daughter cell remains in the TA layer while the other is pushed upward, exits the cell cycle, and differentiates into spinous cells that comprise the thickest strata of the epithelium. In the cutaneous skin, the upper spinous cells further differentiate into granulocytes. The superficial cells undergo programmed death and slough off as cornified envelopes.
Papillomavirions gain entry into basal cells through a wound or microlesion. The virus depends on the cells reentering into the cell cycle during wound healing to establish infection (Pyeon et al. 2009 ). Active HPV infections stimulate cell cycling and increase the thickness of the parabasal and spinous strata, resulting in warty growth. The viral genome is maintained as low copy number nuclear plasmids in lower strata in which viral DNA and RNA are present at or below the sensitivity of detection. Up-regulation of viral RNA transcription and DNA amplification occurs in a subset of mid-to upper-spinous cells. Progeny virus particles are produced in a small fraction of superficial cells that are shed during desquamation ). This differentiation-dependent viral gene expression is controlled by transcription factors that bind to the viral enhancer and promoter sequences (reviewed by Bernard 2002) and by chromatin remodeling (Zhao et al. 1999; Kim et al. 2003; Wu et al. 2006; Wooldrige and Laimins 2008; Jha et al. 2010) .
Three-dimensional organotypic culture systems were developed to achieve squamous differentiation, starting with native epithelial tissue fragments, with isolated primary human keratinocytes (PHKs) (reviewed by Fuchs 1990; Chow and Broker 1997) , or with certain immortalized epithelial cell lines . In these systems, epithelial cells are supported on a dermal equivalent consisting of rat tail type 1 collagen and fibroblasts and are held for 10 to 21 d at the air-medium interface, where the drying effects of the air help promote squamous differentiation. Using such "raft" cultures, the complete HPV reproductive program has been recapitulated.
VIRAL GENOME ORGANIZATION
The double-stranded circular DNA genome is approximately 7900 bp long. All genes are encoded along the same template strand (Fig. 2) . Transcription regulatory elements and the origin of replication (ori) are situated in the upstream regulatory region (URR) (also called the long control region or LCR). Promoters are located in the URR and within the early regions. The E and L gene blocks are each followed by a polyadenylation site. The usage of different promoters and polyA sites as well as alternative mRNA splicing provides access to each of the ORFs and also enables the fusions of portions of different ORFs. Some messages are bicistronic ; reviewed by Chow and Broker 2007 ). This organization is conserved among human and animal papillomaviruses except that many cutaneous HPVs do not have an obvious E5 ORF. The functions of the URR and proteins are summarized in Table 1 . Briefly, the E proteins function directly or indirectly to support viral DNA maintenance, amplification (E1, E2, E8^E2C, E1M^E2C, E5, E6, and E7) and to modulate the host immune responses (E5, E6, and E7). The E1^E4 fusion protein binds the cytokeratin network and may weaken the cellular envelopes and facilitate egress of virions from the shed squames (Bryan and Brown 2000; Khan et al. 2011 ). L1 and L2 are the major and minor capsid proteins necessary for encapsidating the viral genome. L2 also facilitates viral genome trafficking into the nucleus (Bienkowska-Haba et al. 2012) . At high concentrations, L1 self-assembles into empty virus-like particles (VLPs). VLPs are the immunogens in type-restricted prophylactic vaccines that effectively prevent new infections (reviewed by Schiller and Lowy 2006).
THE FUNCTIONS OF E1 AND E2 PROTEINS IN VIRAL DNA REPLICATION
Replication requires the viral ori, the ori binding protein E2, the E1 replicative DNA helicase, and host replication proteins (reviewed by Chow and Broker 2006) . The ori consists of a cluster of three E2 binding sites (BSs) flanking a series of overlapping E1 BSs. Three E2 dimers bind to the ori to form a toroidal ring, presumably partially denaturing the AT-rich E1 BSs in the negatively supercoiled DNA (Sim et al. 2008 ). E2 interacts with E1 and recruits it to ori. E1 assembles into a pair of hexameric rings (Liu et al. 1998 ; reviewed by Schuck and Stenlund 2005) while E2 is being released (Abbate et al. 2004 ). In the presence of topoisomerase I, RPA, and ATP, the E1 dihexamer is potent bidirectional helicase on a supercoiled plasmid (Lin et al. 2002) . It is required throughout replication initiation and elongation (Liu et al. 1995) , as it also recruits the host DNA polymerase a and the single-stranded DNA binding protein RPA to initiate and sustain replication.
Being a highly active DNA helicase with low sequence specificity, the E1 protein must be tightly controlled to avoid unintended DNA strand separation or damage (Fradet-Turcotte et al. 2011; Sakakibara et al. 2011) , and this is achieved by a cell-cycle regulated E1 nuclear Transcripts from the promoter located within E7 encode E1, E2, E1M^E2C (a fusion of the amino-terminal portion of E1 to the middle of E2), E1^E4 (a fusion of the amino terminus of E1 to E4) and E5, as well as L2 and L1. The minor promoter embedded within E1 generates a short E8 exon, which is spliced to the middle of the E2 ORF, creating E8^E2C. The expression of late genes from the promoter in E7 occurs only in the superficial squamous cells after viral DNA amplification and requires elongation of transcripts through A E to A L and stabilization of the late 3 0 UTR. The functions of encoded proteins and regulatory elements are detailed in Table 1 .
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localization. Near the E1 protein amino terminus is a localization regulatory region (LRR), which controls reversible nucleo-cytoplasmic shuttling. Efficient nuclear entry of HPV-11 E1 requires a bipartite, positively charged nuclear localization sequence (NLS) as well as phosphorylation by mitogen-activated protein kinases (MAPKs), primarily ERK1/2, on serine residue(s) within the LRR (Yu et al. 2007 ). MAP kinase docking motifs are located in the carboxyl-terminal helicase domain. The default position of HPV-11 E1 in the cytoplasm is attributable to a dominant nuclear export sequence (NES) and the nuclear exportin Crm1. The NES is inactivated by cyclin-dependent kinases (cdks) that phosphorylate a serine residue within NES (Deng et al. 2004) . Indeed, cyclin E/cdk2 is required for efficient amplification of HPV-11 ori plasmids (Ma et al. 1999; Lin et al. 2000) . Similarly, cdk2 also regulates the nucleo-cytoplasmic location of HPV-31 E1 and is required for genome maintenance (Fradet-Turcotte et al. 2010) . LRR sequences and the MAPK docking motifs are conserved among human and animal PVs. In light of the crucial role of MAP kinases, the ability of the HPV E5 protein to enhance signal transduction from receptor tyrosine kinases (Pedroza-Saavedra et al. 2010; Suprynowicz et al. 2010; Belleudi et al. 2011 ) that function upstream of MEK1/2 and ERK1/2 would predict that it plays an important role in viral DNA amplification, and indeed it does in organotypic cultures (J-H Yu, TR Broker, and LT Chow, unpubl.) .
The E2 protein is additionally responsible for maintenance of the plasmid in dividing cells to ensure equitable partitioning by associating with the mitotic apparatus or with mitotic chromosomes (Van Tine et al. 2004a; Dao et al. 2006; Parish et al. 2006 ; reviewed by Kadaja et al. 2009 ). Two fusion proteins E1M^E2C (Chiang et al. 1991 (Chiang et al. , 1992 and E8^E2C (Zobel et al. 2003; Lace et al. 2008) , each with an alternative amino terminus from the full-length E2 while retaining the DNA binding and protein dimerization domain, negatively control viral DNA amplification. The E2BS are immediately adjacent to the URR promoter, which controls E6 and E7 expression, and binding of the E2 or the E2-related proteins suppresses the URR promoter activity, constituting a feedback regulation.
THE INDUCTION OF S-PHASE REENTRY IN THE DIFFERENTIATED KERATINOCYTES BY E7
The tumor suppressor protein that confers susceptibility to retinoblastomas ( pRB) is the gatekeeper of the G 1 to S-phase transition during the cell cycle. It is inactivated via sequential phosphorylation by cyclin D/cdk4 or cyclin D/cdk6 and by cyclin E/cdk2 to initiate transcription activation of a large suite of E2F- However, in normal squamous epithelia, p130, rather than pRB, is principally responsible for maintaining quiescence of basal cells and the homeostasis of the postmitotic differentiated cells. In contrast, pRB is primarily detected in actively cycling basal and TA cells (Genovese et al. 2008) . In organotypic cultures of PHKs acutely transduced with a retrovirus expressing E7 of HPV-6, -11, -16, -18, or the plantar wart virus HPV-1, suprabasal S-phase reentry is induced stochastically, and HR HPV E7 proteins are more effective than the nononcogenic HPV E7 (Banerjee et al. 2006; Genovese et al. 2008 Genovese et al. , 2011 . This is because E7 proteins are able to destabilize p130 to different avidity (Zhang et al. 2006; Genovese et al. 2008 Genovese et al. , 2011 .
The E7 protein binds to the pRB family of pocket proteins via the LxCxE motif in the conserved region 2 (CR2), which is also present in adenovirus E1A protein and SV40/PY large T-antigen. Phosphorylation of E7 by casein kinase II (CKII) on one or two serine residues that closely follow the LxCxE motif increases its affinity for the pocket proteins and is critical for efficient p130 destabilization and for S-phase reentry (Chien et al. 2000; Genovese et al. 2008) . Remarkably, mutations of just three amino acid residues that are within or downstream of CR2 in the LR HPV-11 E7 can increase its affinity for the pocket proteins and its ability to induce S-phase reentry to the levels achieved by the HR HPV E7 proteins (Genovese et al. 2011 ).
THE PROPERTIES OF THE HR HPV E6 ONCOPROTEIN
The best-known property of the HR HPV E6 protein is TP53 degradation via the proteasome pathway. E6 and a host protein E6AP function as a ubiquitin ligase of p53. In complexes with E6AP or other ubiquitin ligases, the HR HPV E6 also destabilizes many PDZ domain-containing host proteins that regulate signal transduction, proliferation, cell-cell communication, cell polarity, and differentiation (reviewed by Thomas et al. 2008 and by Howie et al. 2009 ). Moreover, E6 activates transcription of the human telomerase catalytic subunit (hTERT) (Klingelhutz et al. 1996) . In contrast, the LR HPV E6 proteins do not have these activities, although both the HR and LR HPV E6 proteins can inactivate the transcription activation activity of TP53 (Thomas and Chiang 2005) . These major distinctions in E6 and E7 protein properties between the HR and LR HPV genotypes largely account for their differential oncogenic potentials in vivo. In vitro, only the HR HPV E6 and E7 can immortalize primary human keratinocytes (Halbert et al. 1992 , and references therein).
Unique to the HR HPVs, the great majority of the E6 transcripts undergo intragenic or intergenic alternative splicing. The spliced mRNAs encode truncated E6
Ã peptides that lack carboxy-terminal residues can still destabilize certain PDZ proteins but not TP53 (Pim et al. 2009 ). The intragenic mRNA splice is thought to facilitate translation of the downstream E7, E1, and E2 ORFs (Hubert and Laimins 2002; Tang et al. 2006) . The reduction of HR HPV E6 protein by RNA splicing would also ensure the presence of a certain level of TP53 and other targeted host proteins needed to maintain host genome stability or for some unknown aspect of the viral life cycle. For the LR HPVs, a promoter located within the E6 gene is responsible for E7 transcription (DiLorenzo and Steinberg 1995) (Fig. 2) , negating the need for intragenic RNA splicing.
RECAPITULATION OF THE VIRAL PRODUCTIVE PROGRAM IN ORGANOTYPIC CULTURES OF EPITHELIAL CELL LINES
The productive phase of HPV infections was initially recapitulated in organotypic raft cultures of explanted HPV-11 infected human epithelial tissue (Dollard et al. 1992 ) and in TPA-treated raft cultures of an HPV-31 plasmid-containing epithelial cell line derived from a dysplasia (Meyers et al. 1992 ). For genetic analyses in the context of an autonomously replicating viral genome in the raft cultures, HR HPV DNA is excised from recombinant plasmids and used to transfect and immortalize PHKs or, alternatively, to transfect an already immortalized epithelial cell line (reviewed by Lambert et al. 2005; Wilson and Laimins 2005) . However, raft cultures of immortalized cells usually do not support a highly productive viral program, thus compromising the analyses. Moreover, many functionally significant HR HPV E6 mutants cannot be studied by using this approach because they cannot immortalize PHKs and are not stably maintained as plasmids in transfected cells (Park and Androphy 2002; Lee et al. 2007 , and references therein).
PSEUDOVIRIONS
As an alternative to raft cultures, high titers of pseudovirions can be produced in human 293 TT cells (Buck et al. 2004; Pyeon et al. 2005 ). The cells are cotransfected with an L1 and L2 expression vector and a reporter plasmid or HPV DNA excised from a recombinant plasmid. Packaging of plasmid DNA of 8 kbp or shorter is not sequence-specific. However, pseudovirions have low infectivity in PHKs and have not been used to study the virus life cycle. In contrast, pseudovirions containing a reporter gene are used extensively to elucidate the initial virus -host cell interactions in the infection processes in cell lines and in a mouse genital tract model (Roberts et al. 2007 ; reviewed by Sapp and Bienkowska-Haba 2009; Schiller et al. 2010) . They also have been highly instrumental in developing and validating prophylactic HPV vaccines and candidates (Jagu et al. 2009; Lin et al. 2010 ).
HPV PRODUCTION IN ORGANOTYPIC CULTURES OF PRIMARY HUMAN KERATINOCYTES
Robust production of infectious HPV-18 virus has recently been achieved in raft cultures of PHKs from neonatal foreskin (Chow et al. 2009; Wang et al. 2009a) . In this system, HPV-18 genomic plasmids are efficiently generated in transfected PHKs via excision from supercoiled recombinant plasmids using Cre-LoxP site-specific recombination. 20% -30% of the cells survive the 4-day selection for the drug-resistance gene expressed from the residual vector, and there is no need for selection based on the immortalization functions of the HR HPVs. Within a week of transfection, the cells are used to develop raft cultures. The highly productive viral life cycle resembles the infected tissue xenografts in athymic mice (Stoler et al. 1990) , as neither has the adaptive immune system to curb the viral activities. The abundant yield of virus particles recovered elicited productive infection of naïve PHKs in raft cultures.
INITIATION OF VIRAL DNA AMPLIFICATION IN G 2 PHASE
The high HPV-18 productivity in PHK raft cultures affords an opportunity to analyze the viral life cycle in detail (Wang et al. 2009a ). Unexpectedly, host DNA replication and viral DNA amplification are temporally separate events. In situ assays showed that host chromosomal DNA replicates first in the spinous cells, as denoted by BrdU incorporation and the nuclear S-phase cyclin A. In contrast, viral DNA amplification initiates during a protracted G 2 phase, as revealed by elevated cytoplasmic G 2 cyclin B1 (Fig. 3) . Pulse-chase experiments have verified this time course. As the viral DNA amplifies, the E7 activity is reduced and eventually extinguished such that p130 reappears and cells exit the cell cycle. The infectious program then switches to the late phase in which capsid proteins are synthesized and progeny virions are assembled in the superficial keratinocytes and finally mature as these cells die.
Interestingly, E7 alone is responsible for the prolonged G 2 phase by inducing or activating host proteins typically associated with the DNA damage response (DDR) . Briefly, cdc2 is elevated but inactivated following hyperphosphorylation by Wee1 and Myt1 kinases and is sequestered in the cytoplasm. Moreover, the cdc25 phosphatase, which activates cdc2, is itself phosphorylated and inactivated
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HPV-16 E7 also activates the Fanconi anemia (FA) pathway involved in DNA repair (Spardy et al. 2007) . FA patients with a mutated component gene are prone to developing squamous cell carcinomas at multiple body sites. In transgenic mice in which HPV-16 E7 expression was targeted to the basal cells, FancD2 knockout increased the frequency of head and neck cancers relative to the control mice with wild-type FancD2 (Park et al. 2010) . In organotypic cultures of HPV-16 E6/E7 immortalized keratinocytes, knockdown of a FA component leads to hyperplasia, consistent with a role of the FA pathway in HPV pathogenesis (Hoskins et al. 2009 ).
THE ROLE OF E6 IN THE PRODUCTIVE LIFE CYCLE
In PHK raft cultures, the expression of the HR HPV E6 alone does not promote S-phase reentry in differentiated cells, whereas expression of E7 alone induces S-phase reentry and TP53 stabilization, via phosphorylation by kinases activated by E7 just described. When E6 and E7 are coexpressed, TP53 is abolished , consistent with known biochemical properties of the HR HPV E6 protein. The Cre-loxP excisional recombination system to generate HPV-18 whole genomic plasmids enabled the examination of an HPV-18 E6 Ã I mutant not previously possible. In this mutant, the E6 gene is deleted of the E6 Ã I intron coding sequence and hence only expresses the truncated E6
Ã I peptide because of premature translation determination after the splice. In PHK raft cultures, the mutant DNA amplification is greatly reduced and L1 is not expressed. Notably, elevated TP53 accumulates for prolonged periods of time in numerous basal and suprabasal cells without inducing apoptosis (Wang et al. 2009a ). The E6 mutant could be partially complemented in trans by a retrovirus delivering Figure 4 . The activities of E7 in differentiated keratinocytes. The expression of E7 in the differentiated keratinocytes destabilizes p130, leading to S-phase reentry. Wee1 and Myt 1 kinases are also activated, hyperphosphorylating and inactivating cdc2. Moreover, E7 further induces a DNA damage repair (DDR)-like response in that ATM, Chk1, Chk2, and JNK are each activated, resulting in the inactivation of the cdc25C phosphatase, disabling it from removing the inhibitory phosphates from cdc2. The inactive cdc2 and cyclin B1 accumulate in the cytoplasm in a prolonged G 2 phase during which viral DNA amplifies (see Fig. 3 ). However, an antibody to gH2AX detected only sporadic signals (LT Chow and TR Broker, unpubl.) , inconsistent with widespread DNA damage. HPV-18 URR-E6, increasing viral DNA amplification and L1 expression, whereas TP53 protein was no longer detected (EY Kho, HK Wang, NS Banerjee, TR Broker, and LT Chow, unpubl.) . These observations support the hypothesis that TP53 is an E6 target during the viral life cycle. Ectopic TP53 inhibits transient viral oridependent replication in transfected cells, mediated by TP53 interacting with the E2 protein (Lepik et al. 1998; Massimi et al. 1999) . Detailed examination of missense E6 mutants is in progress to verify this conclusion and to identify additional E6 targets critical for the productive cycle.
MODULATION OF THE PRODUCTIVE PROGRAM BY p21CIP1 AND p27KIP1
Although the HPV E7 protein reestablishes an S-phase potential in practically all the differentiated cells, as suggested by the general loss of p130 and the widespread induction of the proliferating cell nuclear antigen (PCNA), only a fraction of these cells reenters S phase. This outcome appears to be determined by the levels of p27kip1, an inhibitor of cdks (CKI) (Fig. 2 ) (Noya et al. 2001; Chien et al. 2002) . Briefly, in suprabasal cells of normal PHK raft cultures, p27kip1 is variably but stably expressed, whereas the related p21cip1 is constitutively expressed, but is quickly degraded by proteasomes. When E7 was expressed, suprabasal cells that reentered S phase were negative for p27kip1, p21cip1, and cyclin E, whereas cells that did not reenter S phase were positive for all three. We suggest that, if the differentiated cells contain low levels of p27kip1, E7 expression induces S-phase genes, including cyclin E and cdk2, and p27kip1 is phosphorylated and degraded, allowing the cells to enter into S phase. The normal feedback regulation then prevents further expression of cyclin E. If, however, the p27kip1 protein is already high, it would bind to and inhibit cyclin E/cdk2, preventing S-phase entry. Cyclin E continues to be expressed and is then costabilized in an inactive complex with p21cip1/cdk2, unable to reenter S phase. This reciprocal relationship between p21cip1 stabilization and HPV-11 DNA amplification was observed in RRP patient specimens Jian et al. 1999) . Thus, the pair of CKIS appears to serve as a defense against viral DNA amplification in a fraction of the infected cells. Nonetheless, in a study of benign genital lesions, this relationship was not consistently observed in cells with high HR or LR HPV DNA (Zehbe et al. 1999) . Similarly, in the highly productive HPV-18 PHK raft cultures, some cells with amplified viral DNA were positive for p21cip1 (AA Duffy, HK Wang, TR Broker, and LT Chow, unpubl.) . One interpretation would have CKI accumulation occurring following viral DNA amplification, as it did following host DNA replication in E7-transduced raft cultures (Chien et al. 2002) . Alternatively, HR but not the LR HPV E7 can overcome the inhibitory effects of CKI (Jones et al. 1997; Helt et al. 2002; Shin et al. 2009 ). This issue of host defense deserves further investigation.
ATTRIBUTES OF HR HPV IN CANCERS AND MODEL SYSTEMS
The trade-off for restricting the HPV productive phase to postmitotic differentiated cells is the occasional development of cancers that no longer support progeny virus production. Cancers caused by HR HPVs have several attributes. First, they harbor wild-type TP53 and pRB but are phenotypically negative for the encoded proteins. TP53 mutations are rare in cervical cancers. Thus, cancers that are frequently associated with mutated TP53 (and therefore with more stable and elevated TP53) are not likely to be caused by HR HPVs. Second, HPV DNA is often, but not always, integrated into host chromosomes. Third, the HR HPV E6 and E7 mRNAs are consistently expressed at elevated levels. Experimentally, reenabling the pRB or TP53 pathways in cancer cell lines by repressing the viral E7 or E6 expression leads to senescence or apoptosis, underscoring the addiction to the viral oncoproteins for sustaining the transformed phenotypes (DeFilippis et al. 2003; Wells et al. 2003) .
The initiation of viral carcinogenesis is attributable to repeated dysregulation of the viral oncogenes in the basal reserve or stem cells when
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Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012997 the tissue is subjected to cycles of wounding and healing, events known to activate viral early genes. Diminished immune capability is also a contributing factor. The loss of pRB and TP53 promotes excessive cell cycling while increasing the probability of the cell acquiring mutations and incurring chromosome instability (Fig. 1) . Detailed mechanisms have been expertly reviewed recently (Howie et al. 2009; Moody and Laimins 2010; Korzeniewski et al. 2011) and will not be repeated here.
HPV-associated cancer development usually takes years or decades until the reserve or stem cells have accumulated combinations of genetic and epigenetic changes to become transformed. Gain or loss of host chromosomal loci has been reported (Wilting et al. 2009 , and references therein). Epigenetic changes in certain host genes increase with lesion severity (Wilting et al. 2010; Hesselink et al. 2011; van der Meide et al. 2011) . The reprogramming of p16INK4a and Hox has been attributed to viral oncoproteins (McLaughlin-Drubin et al. 2011) . In fact, the accumulation of p16INK4a is one of the validated biomarkers for HPV-induced highgrade dysplasias and cancers (Roelens et al. 2012 ) along with S-phase biomarkers such as Ki-67, MCM7, and PCNA in the suprabasal cells of a squamous epithelium. Furthermore, HPV oncoproteins also affect the expression of oncogenic or tumor suppressive miRNAs (Martinez et al. 2008; Wang et al. 2008 Wang et al. , 2009b Wald et al. 2011) . These viral activities very likely contribute to the productive life cycle or to viral carcinogenesis. It remains to be seen whether some of these events might be potential biomarkers predictive for risk of progression to cancers.
HR HPV E6/E7 immortalized cells are excellent models to characterize molecular and phenotypic changes associated with progression of lesions in vivo. In organotypic cultures, the immortalized cells resemble various grades of dysplasias. Upon extended cell passage, the raft cultures show increasingly dysplastic histology, consistent with additional mutations in host genes (Hurlin et al. 1991; Merrick et al. 1992; Steenbergen et al. 1998) . For example, immortalized cells that acquire anchorage-independent growth have up-regulated PIK3CA, which is upstream in the AKT pathway. Indeed, up-regulated PIK3CA is consistently observed in cervical cancers (Henken et al. 2011, and references therein) .
Transgenic mice models for cervical cancer, head and neck cancer, and anal cancers have been established by targeting the expression of HPV-16 E7, E6, or E5 alone or in combination to basal cells of the epithelia. Long-term exposure to estrogen is required. These studies have verified the importance of destabilization of pRB, TP53, and PDZ domain proteins in cancer development (Chung et al. 2010; Jabbar et al. 2010; Maufort et al. 2010; Stelzer et al. 2010 , and references therein).
INTEGRATION OF HPV DNA IN CERVICAL CANCERS AND CLONAL SELECTION OF CANCER CELLS
In cervical cancers and cell lines derived therefrom, as well as in many HPV DNA-immortalized cell lines, viral DNA integration and clonal expansion appear to be important early events (Klaes et al. 1999; Park et al. 2003; Hopman et al. 2004; Melsheimer et al. 2004; Pett et al. 2004; Vinokurova et al. 2008) . The HPV DNA is integrated as single copies or as tandem repetitions, and it along with flanking chromosomal DNA can be translocated to multiple sites (Macville et al. 1999 ). Integration appears to favor the open chromatin of expressed host genes . The viral DNA breakage and integration site invariably occurs within the E1 or E2 genes. There is no sequence specificity. One predominant E6/E7-host chimeric transcript is derived from the viral copy located at the downstream integration junction, whereas all upstream copies are silenced by DNA methylation, resulting in the loss of expression from all other viral genes (Wentzensen et al. 2002; Van Tine et al. 2004b) . Consequently, viral DNA methylation is high in carcinomas and cell lines thereof and low in benign lesions (Kalantari et al. 2004; Brandsma et al. 2009; Ding et al. 2009; Vinokurova and von Knebel Doeberitz 2011) . The host 3 0 untranslated region (UTR) and polyA site in the chimeric E6/E7 transcript may confer increased stability (Fig. 5) . Moreover, the loss of E2 expression eliminates the negative feedback regulation of the URR promoter, elevating the expression of E6 and E7 (Broker et al. 1989) . Collectively, these mechanisms would provide the cells with a growth advantage .
THE POTENTIAL ROLES OF HPV DNA REPLICATION, INTEGRATION, AND E1 AND E2 PROTEINS IN ONCOGENESIS
What leads to the integration of the viral DNA is a matter of conjecture and ongoing research. Nonhomologous recombination between a broken viral DNA and the host chromosome would result in integration. As discussed, E2 proteins of mucosotropic HPVs associate with mitotic apparatus or mitotic chromosomes. The tight association of E2 to ori in the integrated HPV genomes might then act as a viro-centromere (Van Tine et al. 2004a) , which, in combination with the host chromosome centromere, could establish a multicentric chromosome, thereafter initiating rounds of the breakage-fusionbridge cycle (McClintock 1951) . In cells with integrated viral genomes, continued synthesis of E1 and E2 proteins would also lead to repeated reinitiation of replication from the viral origin to form "onion-skin" replication bubbles, making the host chromosome highly vulnerable to breakage. Newly replicated viral DNA fragments could integrate into additional chromosomal sites, increasing host genome instability (reviewed by Kadaja et al. 2009 ). To avoid mitotic catastrophe, the expression of E2 protein from intact copies of the gene must cease via epigenetic silencing in the tumor cell that eventually emerges. The absence of E2 and E2-related proteins would deregulate the viral oncogene expression, further driving the process of oncogenesis, as already discussed.
DOWN-REGULATION OF HOST IMMUNE SURVEILLANCE BY HPV ONCOPROTEINS
Virus production is usually sporadic and low, unless the individual is compromised in their immune systems such as during pregnancy, in patients who are taking immunosuppressive drugs, in cancer patients undergoing chemotherapy and radiation, and in patients with HIV-AIDS. Minimizing gene expression in cycling cells and delaying elevated protein expression to the mid to upper differentiated strata are viral strategies to avoid detection by the host immune systems. In addition, HPVs have developed elaborate schemes to undermine host immune surveillance (reviewed by Bhat et al. 2011) . The E6 and E7 proteins affect both innate and adaptive immunity whereas the E5 protein down-regulates class I and II HLA molecules. Collectively, these strategies allow HPVs and host cells to establish a benign co-existence. In the long run, the virus spreads and casts a wider net than otherwise possible. In cancers, The predominant viral transcripts are chimeric. They originate from the URR promoter of the downstream integration junction copy, which is disrupted in E1 or E2. The E6/E7 transcripts have 3 0 UTR and polyA site sequence derived from the host. All upstream viral DNA copies are silenced by DNA methylation (Wentzensen et al. 2002; Van Tine et al. 2004b) such that other viral genes are no longer expressed.
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Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012997 the HR HPV E6 and E7 genes are expressed at elevated levels. Thus, the ability to impair the host immune responses exacerbates viral carcinogenesis and additionally presents a challenge to the development of therapeutic vaccines that target the viral oncoproteins (reviewed by Su et al. 2010) .
CONCLUDING REMARKS
The inability to propagate HPVs in conventional cell cultures has been a blessing in disguise. It forced investigators to develop model systems that recapitulate the spectrum of patient lesions. The viral oncoproteins have been invaluable tools to probe the functions of the two major host tumor suppressor proteins, pRB and TP53. The HPV system continues to provide fertile opportunities for investigations of chromosome dynamics, cellular and molecular responses to DNA damage, signal transduction, host immune response, and cancer biology.
Within 30 years since the cloning of the HR HPV genomes from cervical cancers, intensive basic research made tremendous progress in prevention and diagnosis. The development and licensing of highly effective prophylactic vaccines against the oncogenic HPV-16 and HPV-18 (Gardasil, Cervarix), as well as against nononcogenic HPV-6 and HPV-11 (Gardasil), is the biggest recent advancement that impacts on the public health (Schiller and Lowy 2006) . Less expensive and cross-reactive vaccines are being developed (Jagu et al. 2009; Lin et al. 2010) . Probe technologies for HPV genotypes and RNA transcripts are leading the transition from cytology to molecular-based screening. Identification of protein biomarkers for staging of HPV lesions is ongoing and will be important for guiding optimal treatments. Looking ahead, a thorough investigation of the functions of the viral proteins during productive infections and elucidation of the mechanisms of their regulation remain as high priorities. These studies will lead to the identification of therapeutic targets for pharmacologic treatment of active papillomavirus infections that, despite concerted efforts at prevention, will continue to occur globally for decades to come.
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